Progress in homology modeling and protein design has generated considerable interest in methods for predicting side-chain packing in the hydrophobic cores of Accurate prediction of side-chain packing and its influence on tertiary conformation represent a central goal in proteinstructure prediction and design. Toward this end, several elegant computational methods (1-6) have recently been devised to "repack" side chains into models of proteins. These techniques have one serious limitation: they require precise knowledge of the protein backbone conformation. This constraint is unreasonable if one intends to truly "predict" protein structure (7-9). It is a more reasonable, but still very difficult, constraint when one wishes to use such techniques as "protein design" tools. Most importantly, x-ray crystallography studies show clearly that the backbone conformations of proteins often change in response to point mutations (9) (10) (11) (12) (13) (14) . This fact makes it extremely difficult to merge existing repacking algorithms with efforts in homology modeling. Backbone motions cannot be incorporated easily into packing calculations because the number of main-chain configurations available to a typical protein is astronomical. The computation time required to sample all backbone arrangements [by conventional molecular dynamics methods (15-18), for example] is prohibitive.
tertiary conformation represent a central goal in proteinstructure prediction and design. Toward this end, several elegant computational methods (1-6) have recently been devised to "repack" side chains into models of proteins. These techniques have one serious limitation: they require precise knowledge of the protein backbone conformation. This constraint is unreasonable if one intends to truly "predict" protein structure (7) (8) (9) . It is a more reasonable, but still very difficult, constraint when one wishes to use such techniques as "protein design" tools. Most importantly, x-ray crystallography studies show clearly that the backbone conformations of proteins often change in response to point mutations (9) (10) (11) (12) (13) (14) . This fact makes it extremely difficult to merge existing repacking algorithms with efforts in homology modeling. Backbone motions cannot be incorporated easily into packing calculations because the number of main-chain configurations available to a typical protein is astronomical. The computation time required to sample all backbone arrangements [by conventional molecular dynamics methods (15) (16) (17) (18) , for example] is prohibitive. Rapid sampling of backbone structures has only been achieved by deliberately ignoring the geometric details of packing [with lattice models (19, 20) ].
The dilemma may be resolved by restricting the shape of a protein backbone to a family of parametric curves. Main-chain conformational freedom within the general backbone "fold" is achieved through variation of characteristic parameters that determine the curve shapes. By greatly reducing the number of possible main-chain arrangements, such a parameterization allows essentially every reasonable backbone structure to be sampled in a short period of time.
Coiled-coil proteins are particularly amenable to this type of analysis. Their sequences are made up of a repeated sevenamino acid pattern (the heptad repeat), conventionally denoted (a-g)n, with hydrophobic residues generally present at the first (a) and fourth (d) positions. These sequences form amphipathic a-helices (Fig. 1A ) that assemble into gently supercoiled bundles (Fig. 1B) . Residues at positions a and d face inward to form a hydrophobic core. As observed by Crick (25) , this structure can be parameterized with curves consisting of a circle of radius R1 precessing with frequency w1 around the path of a superhelix of radius Ro, frequency wo, and unit path length d (Fig. 2A) . A sixth parameter, 4, determines how points on the curve at integral values of the parametric variable -(which correspond to the positions of Cc carbons in the coiled-coil backbone) are arrayed around the a-helix axis (Fig.  2B) . If the a-helical secondary structure and bundle tertiary structure are assumed to be regular and symmetric (26, 27) , the backbone freedom of parallel coiled coils is fully represented by variation of only three parameters: Ro (the supercoil radius), woo (the supercoil frequency), and 4 (the a-position orientation angle) (Fig. 2B) . The superhelical crossing angle a is a dependent variable defined by the condition sin(a) = Rowo/d.
The degrees of freedom in Crick's curve are limited by structural regularity. (i) Equivalence of heptads requires that cwl be fixed to 41r/7 radians per amino acid, so that seven residues complete exactly two full turns relative to the superhelix axis. This condition places every seventh residue in the same local environment (Fig. 2 A and B (24)], and GCN4-pLI [tetramer (22) ]. Purple van der Waals surfaces identify residues at a positions, and green van der Waals surfaces identify residues at d positions.
The physical parameters of the Crick framework were represented here by the coordinates of virtual atoms. The C" carbons of the coiled-coil backbone were restrained onto the framework by a harmonic potential with a force constant of 12.5 kcal/(mol.A2) (1 cal = 4.184 J). Derivatives of the restraint potential with respect to each of the physical parameters were applied as forces to the virtual atoms. Twoand three-fold axial symmetry was applied to the dimer and trimer frameworks, while a pair of independent 2-fold axes were applied across the diagonals of the tetramer framework. A periodic boundary was created by using the IMAGE facility of CHARMM (28) . Specifically, a single primary heptad was placed between two "image" heptads of identical conformation. The image heptads were rotated around and translated along the superhelix axis relative to the primary heptad according to the current values of the Crick variables. The primary and image heptads were covalently linked, but with the force constants for bonds, bond angles, and improper dihedrals reduced by factors of 100, 100, and 10, respectively, to accelerate the convergence of the backbone parameters.
Conformational Search. The calculations were done with CHARMM using the PARAMl9 potential (28) . All bonded potentials, the Lennard-Jones potential (switched off between 6.0 and 6.5 A), and the explicit hydrogen-bond potential [in the polar EF2 configuration (29) ] were used. Radial contraction of initially sep)arated helices was accomplished by applying a 5 kcal/(mol*A) force directed radially inward to all C" carbons during 600 steps of steepest descents (SD) minimization. The Xi and X2 dihedral angles of candidate side chains were restricted with a 100 kcal/(mol.radian2) force constant during radial contraction.
The radial force was removed after the initial 600 SD steps and remained off for the rest of the calculation. After its removal, the structure was allowed to relax during 150 additional SD steps. Subsequently, the dihedral restraints were zeroed, and the structure was subjected to 250 final steps of adopted-basis Newton-Raphson (ABNR) minimization. The side chains at positions e and g were then placed by restraining the XI dihedral angles with a 10 kcal/(mol.radian2) force constant into each of the four possible arrangements [(-) or (t) at e and g] followed by 100 SD steps, removal of the restraint, and 100 ABNR steps. The lowest potential conformation was retained. Finally, cycles over wO [1 centi-radian per amino acid (cR/aa) increments from -8 to 0 cR/aa] consisted of 100 SD steps at a framework force constant of 50 kcal/ (mol.A2) ( 
RESULTS
Calculating Coiled-Coil Structures. Our calculations allow all atoms of a high-resolution coiled-coil model to move under a standard molecular mechanics potential. The Ca carbons of the backbone are restrained to lie on a Crick curve (25), which acts as a structural framework (Fig. 24) . Forces on the main chain are transmitted to the framework, which evolves appropriately and, in turn, allows the main chain to find the regular coiled-coil conformation that minimizes the potential of the system. To additionally simplify the prediction we consider only core atoms, consisting of an alanine backbone, the full side chains at positions a and d, and side chains truncated after the Cy at positions e and g (Fig. 1A) . Finally, we analyze a single heptad under periodic boundary conditions (Fig. 2C) . Several heptads can then be concatenated to generate a full-length coiled coil.
To calculate a three-dimensional structure, we begin with a choice of amino acid and rotamer angles for position a and independently for position d. The specified side chains are built onto the interior positions of straight and well separated helices, which are each seven residues long and arranged in a bundle of appropriate symmetry. The helices are subsequently "squashed" together by the application of a gentle radial force with minimization of the configurational potential. During radial contraction, the main chain is pushed into a shape that accommodates the side chains in their chosen rotamers. After radial collapse, the radial force is removed, and the structure is allowed to relax. The supercoiling parameter coo is then actively varied from the straight helix limit to a severely overwound limit. This core-packing procedure is iterated over a canonical library of rotamer angles (1) , allowing the conformation of minimum potential energy to be identified for each core sequence.
Comparison with Crystallographic Structures. In the ensuing discussion, pXZ refers to the core sequence with amino acid X at position a and amino acid Z at position d in the apolar background used for the packing calculation, while GCN4-pXZ denotes the experimentally characterized peptide with X at a positions and Z at d positions in the GCN4 coiled-coil background (Fig. 1) . Exhaustive conformational searches were done with the sequences pVL, pII, and pLI, for comparison against the crystal structures of the corresponding GCN4 core variants, GCN4-pl (23), GCN4-pII (24) , and GCN4-pLI (22) [the pVL core was used to model GCN4-pl, which contains three valines and an asparagine at the a positions and four leucines at the d positions ( Fig. 1) ].
Starting from a range of extreme initial conditions (Ro = 10
A; 4 = 00 and 400; co = 0 and -8 cR/aa), a unique minimum-potential structure for each sequence was identified. tential side-chain geometry is identified by the calculation. In both cases, these calculated rotamers match exactly the sidechain rotamers observed in the four heptads of the corresponding crystal structure (Table 1) . For the trimer conformation, the (+,t), (-,t) and (-,t), (-,t) isoleucine rotamer pairs are predicted to have roughly equal stabilities [(+,t), (-,t) is favored by 0.2 kcal/mol per helix per heptad]. In the trimer crystal structure, the (+,t), (-,t) conformation is observed in the most C-terminal heptad, while the three Nterminal heptads exhibit the (-,t), (-,t) conformation. Mainchain and core side-chain coordinates in the dimer, trimer, and tetramer models differ from the crystallographic coordinates by average root-mean-square deviations of 0.3, 0.4, and 0.6 A, respectively (Table 1) . These results are depicted graphically in Figs. 3 and 4 . DISCUSSION The primary advantage of backbone parameterization is that it greatly simplifies and accelerates the conformational search required to find a minimum-potential protein conformation. However, the technique is based upon an underlying assumption: that the optimal structure for the protein sequence in Proc. Natl. Acad. Sci. USA 92 (1995) . (Fig. 1) . Results are illustrated graphically in Fig. 3 ; the supercoil parameters are illustrated in Fig. 2 tRoot-mean-square deviations between the coordinates of calculated and observed heptads for main-chain and core side-chain atoms are reported (Fig. 3) . The maximum and minimum deviations resulting from superposition of the calculated heptad with each of the three central heptads in the appropriate crystal structure are indicated. For the pII trimer, the (-,t), (-,t) calculated coordinates were used. tGCN4-pl contains three valines and an asparagine at the a positions and contains four leucines at the d positions. The pVL core sequence was used for calculation of the GCN4-pl structure. §For the pII trimer, the (+,t), (-,t) rotamer pair is evaluated as only slightly more stable than the (-,t), (-,t) rotamer pair (AE = 0.2 kcal/mol).
In the crystal structure of GCN4-pII, the (+,t), (-,t) conformation appears in the COOH-terminal heptad, whereas the remaining three heptads exhibit the (-,t), (-,t) conformation.
question lies within the parametric family being searched. We demonstrate that this conceptual approach can be applied successfully to a-helical bundle proteins.
The Crick parameterization allows the core side-chain and backbone conformation of GCN4 coiled-coil variants to be determined with orders-of-magnitude greater speed than is possible by any other method applied to modeling coiled coils (30) (31) (32) (33) . Moreover, the result of the parametric search is more accurate than that produced by brute-force searches; no other computational approach has been able to correctly identify the optimum side-chain rotamers in each of the three parallel coiled-coil structures formed by the GCN4 core mutants. The calculation has no "adjustable" parame-GCN4-p I ters and uses a general molecular mechanics potential. Because of its speed and accuracy, the method may be used to predict the specificity of untested core sequences for the different coiled-coil oligomeric states (41 (iii) Backbone parameterization can be extended to many additional and less regular structures (37). Crick's algebra may be modified in direct ways to handle antiparallel conformations, heptad register shifting [a cumulative drift of (Fig. 2B ) that eventually requires reassignment of the heptad repeat (38) ], and radial expansion along the superhelix axis, which is often observed in naturally occurring four-helix bundles (39) . In the area of (3-sheet-containing proteins, a mathematical groundwork for the parameterization of }3-barrels has been described recently (40) . Thus, the idea of reducing the complexity of protein backbones by coupling degrees of freedom under functional constraints can be applied broadly.
